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Exocytic fusion reactions triggered by Ca2 + are widespread in neural, endocrine, exocrine, hemapoetic and perhaps all cell types. These
processes exhibit tremendous variation in latencies to fusion following a Ca2 + rise and in rates of fusion. We review reported differences for
synaptic vesicle (SV) and dense-core vesicle (DCV) exocytosis and attempt to identify key features in the molecular mechanisms of docking,
priming and fusion of SVs and DCVs that may account for differences in speed.D 2003 Elsevier B.V. All rights reserved.Keywords: Synaptic vesicle; Dense-core vesicle; Ca2+-dependent exocytosis; SNARE1. Fast and slow modes of exocytosis
Membrane fusion reactions occur at each of the inter-
faces in the secretory pathway at which vesicular transport
conveys cargo from a donor to an acceptor compartment.
The majority of these fusion reactions occur constitutively,
i.e., without strict identified regulators necessary for the
fusion step. Resting cellular Ca2 + levels do appear to be
required for many constitutive fusion reactions including ER
to Golgi transit, intra-Golgi fusion, vacuolar fusion and
endosomal fusion [1,2]. In contrast to constitutive fusion
steps, fusion reactions in regulated exocytosis are strictly
regulated by a permissive Ca2 + signal provided only in
activated cells experiencing a Ca2 + concentration rise. At
resting Ca2 + levels (V 0.1 AM), fusion at sites of regulated
exocytosis is arrested although the molecular mechanism
responsible for this arrest remains unclear. In contrast,
fusion at these sites is activated when cells experience
global or local Ca2 + rises to f 1–100 AM.
Current evidence indicates that synaptotagmin (Syt)
proteins, abundant Ca2 +-binding proteins localized to reg-
ulated secretory vesicles, are the key molecular components
that confer Ca2 + regulation on membrane fusion by sensing
activating levels of Ca2 + and facilitating membrane fusion
[3,4]. Genetic ablation of SytI in the mouse results in a loss
of a fast synchronous component of Ca2 +-triggered vesicle0167-4889/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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clamps that prevent constitutive fusion at resting Ca2 + was
indicated from studies in the Drosophila neuromuscular
junction where the frequency of spontaneous fusion events
was enhanced in Syt null mutants [7]. Recent studies also
revealed a shift from fast synchronous to delayed asynchro-
nous evoked release in Syt mutants [8]. This indicates that
Syts play an essential facilitatory role mediating fast exo-
cytic forms of Ca2 +-dependent vesicle fusion and may also
suppress asynchronous or spontaneous release. Consistent
with the former, reconstitution studies with SNAREs in a
proteoliposomal fusion assay showed that SytI incorpora-
tion into VAMP-containing donor vesicles accelerated
SNARE-mediate fusion although this did not require Ca2 +
[9]. Because of the presence of multiple Syt genes [4], the
existence of multiple Syt isoforms on single vesicles [10]
and the overlapping functions of multiple Syts [4,10], the
true assessment of Syt function in regulated exocytosis,
including a potential fusion-clamping role, will require
either the reconstitution of fusion in liposome studies with
Syt proteins or genetic ablation of multiple Syt isoforms.
Ca2 +-triggered membrane fusion and exocytosis is wide-
spread in neural, endocrine, exocrine, haemopoietic and
perhaps all cell types, where several distinct types of
vesicles are employed. In spite of what is thought to be a
common set of molecular mechanisms involving Rab, nsec-
1/Munc-18, Syt and SNARE proteins [11–13], modes of
regulated vesicle exocytosis exhibit a great deal of variation
in Ca2 + sensitivity, rates of Ca2 +-triggered fusion and
latencies to fusion following a Ca2 + trigger. The best-
Table 1
Comparison of rates for SV and DCV exocytosis
Capacitance or EPSC measurementsa
Exocytic times (ms)
(s for RRP depletion)
Latency
(ms)
Vesicle
type
Reference
0.1–1 0.3–1 SV [28,29] calyx of Helda
0.1 0.06 SV [30] cerebellar synapsea
0.3 1.5 SV [31] retinal bipolar neuron
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vesicles (SVs) in synaptic nerve endings. A well-studied
slower form of fusion occurs in endocrine or neuroendo-
crine exocytosis involving dense-core vesicles (DCVs). This
article will review efforts to understand the mechanistic
basis for fast and slow modes of exocytic fusion to identify
differences in DCV and SV fusion that could provide the
basis for differences in speed.
1 0.5 SV [32] inner hair cell
30 – SV [20] PC12 cella
40 10 DCV [33] melanotrope
7–27 50 DCV [34–37] chromaffin cell
30 – DCV [38] gonadotrope
14–40 3 DCV [39,40] post pituitary
85–2000 10–200 DCV [41–45] pancreatic h cell
8000–20,000 3000 DCV [20,47,48] PC12 cell
Amperometry measurements
Rise times (ms) Mean open
time (ms)
Vesicle
type
Reference
0.6 0.09 SV [18,19] Leech motorneuron
– 0.12 SV [17] midbrain neuron
3.6 0.5 DCV [18,19] Leech motorneuron
0.2–0.5 1–2 DCV [46,51] PC12 cell
0.9 4–10 DCV [34,48,49,50] chromaffin
a Some measurements for comparison were with techniques other than
capacitance or amperometry such as monitoring EPSCs.2. Speeds of exocytosis
The speed of Ca2 +-triggered exocytosis has been assessed
by a number of techniques that measure either exocytosis or
the release of vesicle constituents following fusion. Possibly
the most direct measure of membrane fusion, which detects
the incorporation of new membrane into the plasma mem-
brane upon fusion pore formation, is membrane capacitance
[14]. Capacitance increases that are elicited directly in
response to elevations in cytoplasmic Ca2 + triggered by
the uncaging of photolabile Ca2 + chelators provide a direct
measure of Ca2 +-dependent membrane fusion without laten-
cies for Ca2 + entry via channels. In such studies, maximal
Ca2 + elevations elicit capacitance increases to a plateau
value, which is assumed to represent the exhaustion of a
pool of releasable vesicles. An alternative interpretation, that
exocytotic rates adapt to high Ca2 + and exhibit a progressive
slowing, has also been suggested [15]. A number of studies
have utilized two-stage protocols in which the rates of
depletion and refilling of an exhaustible readily releasable
pool of vesicles (RRP) have been characterized. Exponential
fits of the data for pool depletion are employed to estimate
characteristic s values (rate constant 1) as exocytic fusion
times for the RRP. For SV exocytosis measured in neuronal
preparations, s values for ready releasable vesicles are
reported to be 0.1–1 ms (Table 1). In contrast, the fastest
capacitance rises detected for DCV exocytosis in neuroen-
docrine cells exhibit larger s values ranging from 7 to 40 ms
(Table 1). This indicates that the fastest modes of Ca2 +-
triggered DCVexocytosis are f 10-fold slower than fast SV
exocytosis. s values for DCV exocytosis in pancreatic islets
are even longer (85–2000 ms) and those in PC12 cells are
extremely long (8000–160,000 ms).
A second method, which employs amperometry with
carbon fibre electrodes, has been employed to detect the
release of oxidizable constituents of secretory vesicles such
as catecholamines [16]. Single exocytic events are detected
as spikes representing the diffusion of contents following
fusion pore formation, subsequent dilation of the fusion
pore and release of vesicle contents. While estimates of the
kinetic features of amperometric spikes are strongly depen-
dent upon placement of the carbon fibre electrode and
geometric factors that alter spike broadening from diffusion,
there is good agreement across studies from multiple labo-
ratories employing similar experimental systems for the
study of DCV exocytosis (Table 1). SV exocytic events thatrelease glutamate or GABA cannot be similarly studied but
studies of SVs containing catecholamines have been
reported [17–19]. Release from monoaminergic SVs give
rise to amperometric spikes that are much smaller and faster
than those from DCV exocytosis. In the case of the partic-
ularly favorable Leech motorneurons that contain serotonin-
ergic SVs and DCVs, the mean open fusion pore times (t1/2)
and spike rise times for SVs were reported to be f 0.6 and
0.09 ms whereas those for DCVs were 3.6 and 0.5 ms.
Bruns and Jahn [18,19] considered that differences in
diffusion rates for serotonin were unlikely to account for
the f 6-fold difference in the kinetic characteristics of the
amperometric spikes and concluded that SV exocytosis
occurs more rapidly than DCV exocytosis. Similar differ-
ences in the speed of quantal release can be inferred from
other amperometric studies of SV and DCV exocytosis
(Table 1). Ninomiya et al. [20] utilized a biosensor to detect
acetylcholine (ACh) release from SVs in PC12 cells and
compared quantal ACh release to that of quantal catechol-
amine release from DCVs. Ca2 + jumps to 30 AM elicited
release of ACh that was maximal by 20 ms whereas the
release of catecholamines occurred with long latencies
(1000 ms) and s values of >10,000 ms again indicating that
SV fusion occurs considerably faster than DCV fusion.
A third measure of the differences in speed for SV and
DCV exocytosis can be obtained from the assessment of
latencies to fusion following elevations of Ca2 +. In princi-
pal, the near instantaneous elevation of Ca2 + followed by
the detection of fusion should provide an indication of on
rates for Ca2 + binding to the Ca2 + sensor and the execution
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for obtaining such estimates especially when Ca2 + channel
activation rather than uncaging of Ca2 + is utilized for
triggering exocytosis [21–23]. Estimates for SV exocytosis
(0.06–1.5 ms) indicate that Ca2 + binding and the execution
of fusion proceed with f 10–fold shorter latencies than do
the fastest components of DCV exocytosis (10–50 ms).
Even slower modes of DCV exocytosis exhibit considerably
longer waiting times following Ca2 + rises ranging to 1000
ms for PC12 cell DCV exocytosis (Table 1).Fig. 1. DCV exocytosis viewed as sequential stages of docking, priming
and fusion. Kinetic components of capacitance for DCV exocytosis have
been interpreted in terms of a model [14] in which vesicles transition
through sequential stages. Cytoplasmic or undocked vesicles undergo
docking (1). Priming of docked vesicles may occur in two stages to
generate SRP (slowly releasable pool) and RRP (rapidly releasable pool) of
vesicles (2 and 3). The first priming step requires moderate increases in
cytoplasmic Ca2+. Activating levels of Ca2+ trigger fusion of vesicles from
either the SRP (not shown) or from the RRP (4). Each step is thought to be
reversible although they are depicted as single arrows in the figure.
Approximate forward rate constants [14] for each step are 0.003 s1 (1),
0.03 s1 (2), 0.3 s1 (3) and 30 s1 (4). Priming reactions are thought to
involve assembly of trans SNARE complexes, which may initiate by
anchoring N-terminal domains of SNARE motifs (2) and their subsequent
‘‘zippering’’ to C-terminal, membrane proximal regions (3). In SV
exocytosis, complexins may stabilize trans SNARE complexes at a late
stage of assembly rendering them fusion-ready upon Ca2+ influx.3. Docked vesicles fuse first
The basis for differences in speeds and latencies for
fusion of SVs and DCVs may be explained by differences
in vesicle localization relative to the plasma membrane. The
overall distributions of SVs and DCVs in neurons usually
differ. Fusion-ready SVs are located in active zones as
docked vesicles whereas most DCVs, even when docked
at the plasma membrane, are located outside of active zones
[24] (but see Ohnuma et al. [25] for active zone DCVs).
However, total internal reflection fluorescence microscopy
has provided evidence that the fastest components of both
SV and DCV exocytosis involve plasma membrane-proxi-
mal, docked vesicles. SVs labeled with FM1-43 in bipolar
retinal neurons that underwent fast exocytosis were station-
ary at the plasma membrane, apparently docked prior to
fusion, whereas SVs that fused more slowly arose from a
vesicle pool tethered f 20 nm from the plasma membrane
[26,27]. Similarly, GFP- or dye-labeled DCVs that under-
went rapid Ca2 +-triggered exocytosis in neuroendocrine
cells represented an immobile, plasma membrane-docked
pool of DCVs [52–56]. A second pool of more membrane-
distal DCVs of higher mobility represented a recruitment
pool that underwent exocytosis following a loss of mobility
by docking at the plasma membrane [54]. These studies
indicate that both docked SVs and DCVs fuse first and that
differences in exocytic fusion times for SVs and DCVs
reside at events that follow docking.4. Sequential pool models for DCV exocytosis
Kinetic analyses have identified post-docking, prefusion
steps in vesicle exocytosis. Studies of membrane capacitance
rises detect multiple kinetic components for the Ca2 +-trig-
gered exocytosis of DCVs in neuroendocrine cells consisting
of a rapid (exocytic burst) phase followed by a slower
sustained phase [33,57,58]. The burst component was inter-
preted as fusion of a plasma membrane-localized, RRP of
DCVs. Depression of the burst component upon repetitive or
sustained stimulation and its time-dependent replenishment
were considered to represent depletion of the RRP and its
subsequent refilling from a reserve pool [35,36,59]. Studies
in chromaffin cells [35,60–62] further resolved the exocyticburst component into two kinetically distinct components
(fast, sf 30 ms; slow, sf 300 ms) that represent exocytosis
from the RRP and from a more slowly releasable pool (SRP)
of DCVs, respectively. SRP and RRP vesicles appear to be a
subset of the larger pool of docked DCVs at the plasma
membrane [52,63,64] that are in equilibrium with a much
larger cytoplasmic pool of DCVs. From this work has
emerged a sequential pool model (Fig. 1) that depicts the late
stages of DCVexocytosis [14] (see Refs. [20,47] for alterna-
tive views). An important aspect of the work is that it provides
a quantitative description of a subset of docked DCVs, the
RRP/SRP, that have undergone ‘‘priming’’ to a state from
which Ca2 + rises trigger rapid fusion. This provides the
opportunity to define the characteristics of an essential
post-docking, prefusion step in DCV exocytosis.
Sustained increases in cytoplasmic Ca2 + below thresh-
old for eliciting exocytosis were found to enhance RRP
pool size [65]. Studies of RRP refilling following its
depletion indicated that RRP replenishment occurred within
1 min (sf 10–60 s) and was Ca2 +-dependent [35,58,62,
66,67]. A Ca2 +-dependent, ATP-dependent priming process
had previously been characterized in permeable chromaffin
cells [68]. A similar Ca2 +-stimulated RRP replenishment
process is observed for SVs although it occurs with faster
rates (sf 5–10 s) [69–74]. These studies show that the
priming step that converts docked vesicles into the RRP is
Ca2 +-regulated.
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Studies combining biophysical methods with molecular
intervention have provided insights into the roles of specific
proteins at specific stages of DCV exocytosis. These studies
have been recently reviewed [14] and will be only briefly
discussed. The ability of botulinum neurotoxin serotypes D,
C1 and E to abolish all components of Ca2 +-triggered
exocytosis provided evidence that vesicular VAMP2 and
plasma membrane syntaxin1 and SNAP-25, respectively,
were essential for late steps of DCV exocytosis [60,75,76].
The final stages of fusion, involving the SRP and RRP
pools, are envisioned to involve the formation of trans
SNARE complexes that draw the DCV and plasma mem-
branes together into fusion. Introduction of a SNAP-25
antibody fragment into chromaffin cells inhibited both
burst and sustained components of secretion [61]. Howev-
er, the preferential inhibitory effects on exocytosis of the
RRP but not SRP led to the conclusion that fusion of RRP
vesicles involved the formation of ‘‘tight’’ SNARE com-
plexes that were in equilibrium with ‘‘loose’’ SNARE com-
plexes in the SRP.
Botulinum neurotoxin A, which cleaves the nine C-
terminal residues from SNAP-25 and partially inhibits
DCV exocytosis [76], was found to fully inhibit exocytosis
of the RRP but not SRP pool [60]. Similar effects of SytI
ablation [6] were reported. Because the Ca2 +-dependent
interaction of SytI with SNAP-25 requires these C-termi-
nal residues [76], it was proposed that fusion from the
RRP is mediated by Ca2 +-dependent interactions between
SytI and C-terminal residues in SNARE complexes, which
could promote a ‘‘zippering’’ together of SNARE com-
plexes at the C-terminus [60]. Studies with C-terminal
mutants of SNAP-25 are consistent with this interpretation
[77,78]. In other studies, overexpressed SytI in PC12 cells
was found to stabilize the fusion pore during DCV exocy-
tosis, providing evidence for the direct participation of Syt in
fusion [46].
These studies provide the basis for a model in which
RRP and SRP pools of vesicles are staged with trans
SNARE complexes in varying states of partial assembly
(Fig. 1), which would enable the rapid progression to fusion
upon provision of a Ca2 + signal by completion of SNARE
complex ‘‘zippering’’. The priming of docked DCVs into
the RRP/SRP state would then involve, at least in part, the
initiation of the assembly of SNARE complexes into a
prefusion configuration. The precise mechanisms by which
priming of DCVs in chromaffin cells is catalyzed remain to
be identified as is the basis for its Ca2 + dependence.
Inhibitor studies indicated that protein kinase C may medi-
ate part of this Ca2 + dependence [66]. In addition, it was
found that the RRP/SRP is unstable and requires the
continuous hydrolysis of ATP [60]. While other endogenous
molecular constituents that catalyze priming remain to be
identified, overexpression of Munc13-1 was reported to
increase the size of the RRP by f 3-fold [62], indicatingthat endogenous priming factors in chromaffin cells may
have properties similar to those of Munc13-1 (see below).6. Slow modes of DCV exocytosis
In PC12 cells, the majority of DCVs are docked at the
plasma membrane but Ca2 +-triggered exocytosis is extreme-
ly slow. Studies of DCV exocytosis in PC12 cells indicate
that, in spite of their derivation from chromaffin cells, they
either lack or have extremely small SRP/RRP pools of
DCVs and exhibit only slow modes of Ca2 +-triggered
catecholamine release (Table 1). Kinetic studies in perme-
able cells indicate that Ca2 +-triggered catecholamine release
exhibits a sf 30 s (Grishanin et al., submitted for publica-
tion) [79], which corresponds closely to the exocytic time
observed in intact cells following a Ca2 + rise [20,46,47,
56,116]. This rate-limiting step for DCV exocytosis in
permeable PC12 cells exhibits a Ca2 + dependence of a
Michaelis–Menten type and closely resembles the priming
step described by the sequential pool model for chromaffin
cells (Fig. 1) (Grishanin et al., submitted for publication).
An important conclusion from this work is that slow modes
of exocytosis may prevail when a preponderance of vesicles
are poised at prefusion steps well upstream from the final
fusion step. For PC12 cells, the overall kinetics of exocy-
tosis are dictated by the prevailing rate-limiting step of
priming. Ca2 +-triggered DCV exocytosis in PC12 cells
exhibits the same characteristics as those described for the
SRP/RRP replenishment or priming step observed in chro-
maffin cells.7. What are the events of priming for DCV exocytosis?
CAPS was identified as an essential cytosolic protein
required for a late step in DCV exocytosis in PC12 cells
[80]. CAPS appears to be required for DCV but not SV
exocytosis [81,82] so understanding its mechanism of action
should provide insight into key differences between SV and
DCV exocytosis. Recent studies (Grishanin et al., submitted
for publication) found that rate constants for Ca2 +-triggered
DCV exocytosis in PC12 cells are determined by CAPS
protein concentration. Because the rate-limiting step mea-
sured in these studies corresponds to Ca2 +-dependent prim-
ing, it is inferred that CAPS functions by priming DCVs
into the SRP/RRP. CAPS interacts with both DCV and
plasma membranes [81,83], suggesting that it functions as
a tethering protein between fusion partner membranes and
coordinates events that lead to the fusion-competent state
characteristic of RRP/SRP.
CAPS interacts with PIP2 [84], which is essential for
DCV exocytosis [85]. PIP2 synthesis requires MgATP
hydrolysis, which is needed to maintain the RRP/SRP in
chromaffin cells [60]. In permeable PC12 cells, the priming
reaction for which CAPS is essential is strongly dependent
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submitted for publication). It is likely that the requirement
for MgATP in maintaining the SRP/RRP (and enabling its
replenishment Ref. [73]) represents in part the need to
maintain PIP2 synthesis at the plasma membrane. CAPS is
expressed in chromaffin cells and is required for Ca2 +-
triggered DCV exocytosis [48]. CAPS may be one of the
endogenous priming factors in chromaffin cells that medi-
ates events that Munc13-1 overexpression can enhance [62]
although this remains to be directly tested. It is noteworthy
that Munc13 family members are the only proteins to which
CAPS exhibits sequence homology [86].
It is thought that RRP/SRP vesicles in chromaffin cells
undergo rapid Ca2 +-triggered exocytosis from a state of
partially preassembled trans SNARE complexes. The slower
mode of DCV exocytosis in PC12 cells may be rate-limited
by Ca2 +-dependent priming reactions that lead to partial
assembly of SNARE complexes. The studies of Chen et al.
[87,88] in permeable PC12 cells indicated that functional
SNARE protein complexes are absent prior to a Ca2 + signal
(see also Refs. [75,89]) and undergo assembly into com-
plexes in a Ca2 +-dependent manner. Cross-linking studies
showed that Syt proximity to SNAP-25-containing SNARE
complexes increases in PC12 cells when exocytosis-trigger-
ing levels of Ca2 + are provided [77]. These results suggest
that the majority of docked DCVs in PC12 cells are in an
unprimed state in which trans SNARE complex formation
has yet to be initiated. The Ca2 +-dependence of the priming
process may be mediated by Syt proteins [77] that catalyze
trans SNARE complex formation [9,90,91] although other
Ca2 + sensors for priming reactions cannot be excluded.8. Priming events differ for SV and DCV exocytosis
Vesicle priming is essential for rapid SV exocytosis. As
this prefusion step is an important determinant of release
probabilities and a key locus for synaptic plasticity, studies
have been directed toward elucidating the molecular events
of SV priming. Priming of SVs appears to differ from that of
DCVs in being more efficient. RRP pool sizes for DCVs in
chromaffin cells were estimated as f 100 vesicles out of a
membrane-docked pool of f 1000 DCVs [36]. In contrast,
SV RRP pool sizes in cultured hippocampal neurons were
estimated to correspond closely to the full docked comple-
ment of SVs [92,93]. Rates of RRP pool replenishment for
SVs are considerably higher (sf 5–10 s) than those for
RRP pool replenishment for DCVs (sf 10–60 s) [71–74].
In addition, the RRP pool for SVs is more stable than that for
DCVs. Depletion of intracellular MgATP, which is required
for priming [73], resulted in a rapid loss of the RRP for
DCVs in chromaffin cells [60] whereas comparable loss was
not observed for the RRP for SVs in neurons [73]. Thus,
there may be important differences in the priming processes
for DCVs and SVs. Recent studies have identified Munc13-
1 and RIM1 proteins as essential priming factors for SVs.The genetic elimination of Munc13 from synapses dra-
matically reduces evoked SV exocytosis without affecting
levels of docked SVs in the active zone [94]. In contrast, an
RRP pool of vesicles detected by hypertonic sucrose stim-
ulation is strongly reduced indicating that Munc13 functions
at priming. Part of the function of Munc13 in priming may
be mediated through its interaction with syntaxin by stabi-
lizing syntaxin in an ‘‘open’’ rather than ‘‘closed’’ confor-
mation, which would enable formation of trans SNARE
complexes [95]. Interestingly, the roles of Munc13 isoforms
in priming are synapse-specific [96]. Munc13-1 functions in
priming glutamatergic synapses whereas Munc13-2 func-
tions in GABAergic synapses, and each confers distinct
properties on SV release probabilities. The unique properties
of the Munc13-1 isoform are conferred in part by its distinct
N terminal domain, which interacts with RIM1, a Rab3-
binding protein [97].
RIM1 itself is essential for SV exocytosis and may also
function in priming [98,99]. Both Munc13 and RIM1 are
multidomain proteins that are part of a protein scaffold
localized to the active zone. Munc13-1 interactions include
those with cytoskeletal elements such as spectrin [95]
whereas RIM1 interacts with Rab3, Syt, SNAP-25 and
Ca2 + channels [98,100]. The process of priming SVs for
fusion competence may involve recognition of a docked SV
(Rab3–RIM1 interactions), promotion of trans SNARE
complex formation (Munc13–RIM1, SNAP–25–RIM1
and syntaxin–Munc13 interactions) and positioning of
SVs near Ca2 + channels (RIM1–RBP–Ca2 + channel inter-
actions) and the Ca2 + sensor (Syt–RIM1 interactions).
Overexpression of Munc13-1 in chromaffin cells can
prime DCVs but N-terminal truncations of Munc13-1 that
lack RIM1-binding also function almost as well [97]. This
suggests that Munc13-1 promotes priming of DCVs by a
mechanism that differs from the one that mediates gluta-
matergic SV priming. These studies indicate that there are
distinct priming mechanisms for glutamatergic and
GABAergic SVs and for DCVs. Priming factors engage in
multiple interactions that may coordinate arrival of a docked
vesicle with the preparation of the SNARE fusion machin-
ery. They may function similarly to the ‘‘tethering com-
plexes’’ that operate after docking but before fusion at
constitutive stations in the secretory pathway (e.g., p115/
giantin/GM130, Rabaptin-5/Rabenosyn-5/EEA1), which are
unique for each trafficking station [101]. It will be important
to further characterize the priming factors involved in SV
and DCVexocytosis to obtain insight into distinct aspects of
the prefusion and fusion mechanisms of these vesicles.9. Common or distinct molecular mechanisms for fusion
of SVs and DCVs?
The exocytic fusion times of RRP vesicles are notably
shorter for SV exocytosis than those for DCV exocytosis
(Table 1), indicating that, even once vesicles are primed,
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ences may be present for the fusion machinery of SVs and
DCVs?
Complexins have recently emerged as important constit-
uents for late stages in SV exocytosis. Complexins (I/II) are
small proteins that bind SNARE complexes in a C-terminal
groove between syntaxin and VAMP. Complexin binding
stabilizes the C-terminal helical core of SNARE complexes
[102] as well as interactions between membrane proximal
segments of VAMP and syntaxin [103]. Neurons from
complexin I/II double knockout mice exhibit reductions in
evoked but not spontaneous transmitter release, exhibit an
uncompromised RRP and have a normal number of docked
SVs [104]. Reductions in synchronous transmitter release
in complexin I/II / neurons were overcome at higher
Ca2 + levels. These results suggest that complexins function
at a post-priming step in SV exocytosis and in some
manner affect the function of the Ca2 + sensor [104]. The
strategic location of complexin at the C-terminus of
SNARE complexes might enable an initial N-terminal
assembled ‘‘loose’’ SNARE complexes to transition to a
‘‘tight’’ SNARE complex assembled at the membrane-
proximal C-terminal region. This may allow full SNARE
complexes to form without fusion but increase the proba-
bility that Ca2 +-bound Syt would trigger successful fusion
pore formation with short latency [102].
The idea that the SV RRP in neurons reaches an
advanced stage of trans SNARE complex assembly prior
to fusion was supported by studies in synaptosomes [105] in
which biochemically detected SNARE complexes were
correlated with the size of the RRP, although it was unclear
whether trans or cis SNARE complexes were detected. The
possible formation of a ‘‘loose’’ SNARE complex with
exposed C-terminal ends was also inferred from the differ-
ential sensitivity of evoked SV fusion to botulinum neuro-
toxins that cleave VAMP with different requirements for N-
or C-terminal residues in the protein [106]. If the RRP of
SVs contains SNARE complexes that are more tightly
assembled, possibly resulting from complexin I/II binding,
this would minimize latencies to fusion following a Ca2 +
trigger. Whether there is a similar role for complexins in
DCV exocytosis remains to be clarified. In chromaffin cells,
overexpression of complexin II, which is expressed endog-
enously, decreases the number of exocytic fusion events and
promotes premature closure of the DCV fusion pore [49].
An additional basis for differences in fusion rates for SVs
and DCVs could be the degree of SNARE protein organi-
zation uniquely present in active zones containing SVs.
While there is no evidence that SNARE proteins are overall
enriched at active zones [107], the docking machinery could
provide close contact between SVs and the plasma mem-
brane to facilitate trans SNARE complex formation and
fusion. Docked SVs at the neuromuscular junction are held
in place by a protein scaffold that may contain SNARE
proteins [109]. DCVs, in contrast, maintain some degree of
mobility in the docked state, suggesting that they aretethered to the membrane by a 20-nm filament [54]. Purified
SVs incubated with t-SNARE-containing proteoliposomes
were found to exhibit very slow rates of fusion (sf 5–10
min) [91], which might be due to the absence of stable
docking interactions. Slow fusion between purified SVs and
t-SNARE liposomes [91] might alternatively be due either
to an inherent slowness of trans SNARE complex formation
or their inefficiency for inducing fusion in the absence of
other constituents. Studies with v- and t-SNARE liposomes
[108] indicate that fusion occurs only slowly even when
SNARE complexes were preformed by preincubation.
Lastly, it is possible that the mechanisms for fusion pore
formation differ for SVs and DCVs. Klyachko and Jackson
[110] conducted capacitance measurements of SVs and
DCVs in neuroendocrine tissue and obtained estimates of
initial fusion pore openings that differed for SVs (19 pS)
and DCVs (253 pS). Bruns and Jahn [18] noted the absence
of a prespike ‘‘foot’’ in amperometric recordings for SV
exocytosis, which are present in many DCVexocytic events,
and suggested that fusion pore dilation is more rapid for
SVs. Our understanding of the composition of fusion pores
and the dynamics of fusion pore dilation are quite limited.
However, there may be a considerable difference in rates of
fusion pore dilation for SVs and DCVs if membrane tension
influences this process because of the considerable differ-
ence in membrane curvature for SVs and DCVs.
For the largest of DCVs, is it possible that novel routes of
fusion pore formation are taken. For yeast vacuoles, trans
SNARE protein complexes are an essential prelude to fusion
but may not themselves be the fusion pore-forming elements
[111]. The Vo ATPase proteolipid subunit has been proposed
as the essential element that forms a proteinaceous fusion
pore [112]. VAMP proteins in brain tissue associate with
subunits of the Vo ATPase [113,114] raising the possibility of
a more general role of this proposed fusion mechanism.
Recent studies of yeast vacuolar fusion indicate that the large
surface membrane contact zone between vacuoles fuses at its
rim in an unanticipated route for membrane merger [115].
Unlike a radial fusion pore expansion model, in which a
fusion pore is formed at a limited site of membrane contact
and then expands, the yeast vacuoles fused at vertices of
contact leaving a boundary membrane entrapped in the
fusion product. DCVs that are similar in size to yeast
vacuoles are not uncommon, and it could be the case that
DCVs conduct fusion in a more leisurely paced multistep
mechanism distinct from that employed by SVs.10. Perspectives
There are well-documented differences in the latencies to
fusion and fusion rates for Ca2 +-triggered SV and DCV
exocytosis. While a common fusion-proximal mechanism
employing Syt and SNARE proteins may mediate fusion
and its Ca2 + triggering for both types of vesicles, there
remain a number of steps at which SV and DCV exocytosis
T.F.J. Martin / Biochimica et Biophysica Acta 1641 (2003) 157–165 163may differ. Slow modes of DCVexocytosis may occur when
docked vesicles are poised at an early step in a multistep
sequential pathway toward fusion. Prefusion priming reac-
tions in which vesicles are transformed to a state of
competence for rapid Ca2 +-triggered fusion, the SRP/RRP,
appear to be vesicle-specific, and it will be important to
elucidate these mechanisms of priming to determine the
prefusion state of SVs and DCVs. The nature of the fusion
pore for either SVor DCV exocytosis remains to be defined
as do the mechanics of fusion pore dilation. As studies on
this issue progress, differences between how small (35 nm)
SVs and larger (70–1000 nm) DCVs engage the plasma
membrane in fusion may emerge.References
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